Here, we show that during their half-century history, helicopters have been evolving into geometrically similar architectures with surprisingly sharp correlations between dimensions, performance, and body size. For example, proportionalities emerge between body size, engine size, and the fuel load. Furthermore, the engine efficiency increases with the engine size, and the propeller radius is roughly the same as the length scale of the whole body. These trends are in accord with the constructal law, which accounts for the engine efficiency trend and the proportionality between "motor" size and body size in animals and vehicles. These body-size effects are qualitatively the same as those uncovered earlier for the evolution of aircraft. The present study adds to this theoretical body of research the evolutionary design of all technologies [A. Bejan, The Physics of
I. INTRODUCTION
Earlier work with the constructal law has shown that it is possible to predict and correlate the speed-mass data of all animals (insects, birds, mammals, fish, and crustaceans), including airplanes, athletics, and inanimate flow systems. [1] [2] [3] [4] [5] All these designs of movement on the globe evolve. Airplanes do not evolve by themselves-they evolve as a duo, with the humans who design them and use them. Evolving along with the flying animals is the "human and machine species."
The history of airplanes illustrates in our lifetime the evolutionary design of all fliers, animal, and human made, as they move on earth: farther, faster, more efficiently, and with greater lasting power (sustainability). Recent work has shown that the evolution of airplanes is predictable from the constructal law of design and evolution in nature. 1, 6 The main features of aircraft evolutionary design predicted from the constructal law are the speed, engine size, fuel load, range, and aspect ratios (wing span vs fuselage length, wing profile, fuselage profile). The same theory accounts for the alignment of 1950 aircraft data in Gabrielli and von K arm an's chart of specific power vs speed, 7, 8 which along with the broader method of evolutionary design continues to be of interest in the aircraft literature. [9] [10] [11] [12] [13] [14] The constructal law further predicts the time arrow of the change from propellers to jets, in the same way that for animal design it predicts the change (and the increase in movement complexity) from swimming to running and, finally, flying.
In this new article, we report a new domain where the constructal law manifests itself as the evolution of vehicle technology. We show that the classical alignment of helicopter designs can be anticipated based on the constructal law, and that it can be added to the grand evolutionary design of animal and vehicle movement on the globe.
The current findings can also be applied to foreseeing evolution of the emerging Unmanned Aerial Vehicles (UAVs). Starting from the last decade, the UAVs are gaining rapid popularity, which is attributed to the rapid advance and maturing of information technologies and autonomous capabilities. 15, 16 Many military and civil endeavors have served to showcase the potential of UAVs, such as aerial photography and selfie, border surveillance, highway traffic monitoring, wildfire management, agricultural chemical spraying, and other disaster response needs. An UAV, either rotorcraft or fixed-wing vehicle, is operated without pilots and does not carry any passengers. Nevertheless, the navigation is still the controlled body with the power source, which uses the dynamic lift and thrust based on fundamental aerodynamics. 17 
II. EVOLUTIONARY TRENDS
We start with the dimensions and performance data of helicopter models during their 60-year history (Table I ). The data are collected from Ref. 18 and the Type Certificate Data Sheet of FAA and EASA. Figures 1-4 show at first glance that during the evolution of helicopter technology, very sharp correlations have emerged between design features and body size.
Each of Figures 1-4 display the helicopter data of Table I with two symbols. The black circles indicate military helicopters. The empty circles are for the rest of the data compiled in Table I . The purpose of this two-frame display of the bodysize effect on evolutionary design is to show that the correlations that emerge are somewhat sharper when the military models are excluded (note the relatively larger R 2 values). This finding makes sense because the evolution of military models is driven by an objective (mission) that is not exactly the same as the objective of civilian helicopter models.
For conciseness, the analytical formulas that correlate the data (without the military data) are reported directly on a)
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Published by AIP Publishing. 120, 014901-1 Figs. 1-4 . Indicated is also the R 2 value of each correlation, which shows that the correlation is statistically meaningful. The corresponding correlations obtained by including the military data are indicated in the respective figure captions. In these empirical formulas, the masses (M, M e , M f ) are expressed in kg, the propeller radius R p is expressed in m, and the heating value of the fuel (H) is expressed in shp h/lb (or 5.9 Â 10 6 J/kg), where shp means shaft horse power. The engine efficiency g is defined in Section III. Figure 1 shows that the efficiencies (g) of helicopter engines have evolved such that g is proportional to the engine size (M e ) raised to a power that is less than 1. This is in accord with the prediction based on the constructal law, 4 according to which g should vary as M a e , where a < 1. In Fig. 2 , we see the correlation of the engine size (M e ) versus vehicle size. The two frames, together, reveal an approximate proportionality between engine size and body size, and, in addition, a ratio M e /M that is in the order of 1/10. This finding is the same as in the engine size versus body size scaling exhibited by the evolution of airplanes. 6 Figure 3 shows that the engine size and the fuel load have emerged to be proportional over a size range that spans one full order of magnitude. The engine mass is roughly one third of the fuel load mass over this entire range. This too agrees with the trend uncovered for the evolution of aircraft. The geometric meaning of the body-size scaling revealed by Fig. 4 is that the propeller radius scales with the length scale of the vehicle, and that all helicopters (large and small, old and new) are geometrically similar. This conclusion is the same as the one reached in the study of the evolution of aircraft, where all aircraft evolve to be geometrically similar, with the wing span almost the same as the fuselage length. 6 The geometric similarity of old and new helicopter models is evident in Fig. 5 . Furthermore, the figure shows that during the past five decades the specific fuel consumption (SFC) has decreased to half of its original level. This too is in accord with the evolution of the specific fuel consumption of commercial aircraft (measured in liters of fuel spent for one seat and 100 km flown). 6 The specific fuel consumption plotted in Fig. 5 is defined in Section III.
III. DISCUSSION
As shown in studies of the evolution of commercial aircraft and animals, 6, 8, [19] [20] [21] theory can deepen our understanding of the origin of body-size scaling. We start with the observation that a hovering aircraft such as a helicopter can move in all directions. Chief among these is the vertical direction: the main function of the aircraft is to hover, i.e., to maintain its altitude above ground. Secondary is the sliding movement in the horizontal direction. The simplest model is the one that retains the fewest and most important features of the actual physical system. This is why we begin with the assumption that the hovering body is stationary at its altitude, while consuming fuel to maintain itself in this position for the longest time possible. Thermodynamics shows that larger flow systems function less irreversibly, because their flows encounter smaller obstacles, such as wider ducts and larger heat transfer areas in heat exchangers. The monotonic effect of size on efficiency was predicted in Ref. 4 . The mathematical conclusion is that if the size of the engine is represented by its mass M e , then the energy conversion efficiency of the engine evolves such that it increases monotonically with size
where c 1 is a constant factor. The a exponent is comparable with 1, and must be less than 1 because the g curve must be concave with respect to M e : this is because in accord with thermodynamics, the efficiency cannot surpass an ideal level, a ceiling. The more mature the engine technology, the higher the efficiency, the closer to the ideal level, and the smaller the a exponent. The engine efficiency is defined as
where P is the shaft power from engine, t is the time of hovering, H is the heating value of the fuel, and M f is the mass of consumed fuel. The specific fuel consumption (SFC) is the quantity of fuel consumed in order to produce one unit of power in one unit of time
By comparing Eq. (3) with Eq. (2), we see that
or, gH ¼ 1=SFC. By using the helicopter data compiled in Table I , we found the correlation shown in Fig. 1 . The rotor hovering efficiency (g p ) is defined as the ratio of the minimum possible power required to hover (induced power) to the actual power required to hover (shaft power). The total hover power is a value that can be obtained only by measurement. Unfortunately, we did not have access to measurements of performance. In any case, care must be taken when comparing rotors. Only rotors with the same disk loading should be compared. Testing is the only way to figure out the relationship between the g p and the radius of the propeller. Noteworthy is the study 23 that reported the static testing of micro propellers. A load cell and a torque transducer were used to measure the thrust and torque created by the propeller. The results show that a larger-diameter propeller tends to be more efficient, which is in accord with the body-size effect anticipated with the constructal law. 1, 4 At the design loading of the rotor, a value of g p ¼ 0.55-0.60 is typical. Because of this narrow range, in the following analysis we treat g p as a constant.
The size of the hovering aircraft is represented by its total mass M, which accounts for everything that hovers, engine (M e ), propeller (M p ), fuel (M f ) and the rest of the body frame (M b ) FIG. 5 . The evolution of the specific fuel consumption of helicopters during the past five decades. The black circles indicate military helicopters (see "m" in Table I ).
